Abstract. It is widely accepted that phosphorylation of the retinoblastoma (Rb) protein during the G1 phase of the mammalian division cycle is a major control element regulating passage of cells into S phase and through the division cycle. The experiments supporting G1-phasespecific Rb phosphorylation and the historical development of this idea are reviewed. By making a rigorous distinction between 'growth cessation' and the phenomena of 'cell cycle exit' or 'G1-phase arrest', the evidence for the G1-phase-specific phosphorylation of Rb protein is CMLS, Cell. Mol. Life Sci. 58 (2001) 580 -595 1420-682X/01/040580-16 $ 1.50 + 0.20/0 © Birkhäuser Verlag, Basel, 2001 CMLS Cellular and Molecular Life Sciences reinterpreted. We show that the evidence for G1-phase phosphorylation of Rb rests on few experiments and a chain of reasoning with some weak links. Evidence is reviewed that growth conditions regulate the phosphorylation of Rb. A growth-regulated control system that is independent of the cell cycle explains much of the evidence adduced to support cycle-specific phosphorylation of Rb. We propose that additional experimental evidence is needed to decide whether there is a G1-phase-specific phosphorylation of Rb protein.
This is a review of the evidence related to the cellcycle-specific phosphorylation of the Retinoblastoma Rb protein. As is well understood, reviews of scientific fields are usually summaries of the consensus view of a field. In general, a reviewer has an obligation to describe the main conclusions and key experiments in a field so that the contributions of the various workers to the current or consensus view are presented clearly and equitably. The essential activity of the normal review process is that it summarizes what the field believes, and not what one particular segment of the field believes.
The evidence for control of cell growth and the cell cycle by G1-phase-specific phosphorylation of Rb protein has been presented in numerous reviews. It is not necessary to review and summarize the evidence that has been presented often and so ably by many others [1] [2] [3] [4] . Therefore, this review has a somewhat different purpose -and this should be understood at the outset. We propose to reexamine the evidence that Rb protein is phosphorylated in a specific phase of the cell cycle. We do this in order to discern precisely what particular experimental evidence rigorously supports this widely held conclusion, and what evidence is merely consistent with this proposal. This reevaluation of the literature on the subject of cell-cycle-specific Rb phosphorylation reveals that the evidence for this phenomenon is not as strong as generally believed. * Corresponding author.
To anticipate our conclusion, we propose that essentially all of the data regarding G1-phase Rb phosphorylation is merely consistent with the notion or idea that there is a G1-phase phosphorylation event. We examine the chain of reasoning leading to the proposal of G1-phase phosphorylation and show that there is an alternative explanation for much of the data. Finally, we shall review the recent work on the in vitro sequence of phosphorylation steps and relate this work to the proposal that there is a G1-phase phosphorylation of Rb protein. As will be seen, it is possible to have sequential phosphorylation steps demonstrated in vitro without having these steps relate to the proposed in vivo phosphorylation of Rb protein during the mammalian cell cycle. G1-phase phosphorylation of Rb protein is currently viewed as a paradigmatic example of G1-phase control of the mammalian division cycle. As much analysis of the cell cycle is based on the Rb model of cell-cycle-specific phosphorylation, it is important that the experimental basis for the Rb model be beyond reproach. Furthermore, as the Rb model is an example for future studies of control of the cell cycle in the G1 phase, it is important to consider what is required to rigorously conclude that there is a G1-phase event during the mammalian division cycle. Before presenting a detailed analysis of the Rb literature, we will first present some general ideas regarding the relationship of cell growth and the cell cycle. This analysis will serve as a foundation for discussing the evidence for cell-cycle specific phosphorylation of Rb protein.
The distinction between cell growth and the passage through the cell cycle
It has become popular to equate cessation of cell growth with the exit of the cell from the cell cycle. Resumption of cell growth has similarly been equated with reentering the cell cycle. There is an important distinction to be made between 'cell growth' and 'passage through the cell cycle'. A similar distinction should also be made between cessation of growth and 'exiting the cell cycle'. In order to understand this distinction between cell growth and the cell cycle, consider a growing culture with the cells in the culture being at various points in the division cycle. Consider that the cells are growth arrested by some means so that the cells are now frozen at their particular points in the cell cycle. That is, a cell that was at the start of the cell cycle is now fixed with the characteristics of a cell at the start of the cycle. And a cell at the end of the cycle is now frozen as a cell near the end of the cell cycle. Upon releasing these cells for regrowth, we could agree, for this hypothetical and imaginary example, that resumption of growth was not a 'reentering the cell cycle'. The cells were frozen at particular points in the cell cycle, and resumption of growth was merely the continuation of passage through the cell cycle from the point of arrest. In this example, the cells never left the cell cycle, and thus cannot be said to reenter the cell cycle upon resumption of cell growth. A more important case is to have cells arrested at different points in the cell cycle, and yet have these cells alter some property of the cell so that the cells have an appearance of all being in the same part of the cell cycle. Specifically, arrest of cell growth will allow cells to accumulate with a particular amount of DNA similar to that in a particular phase of the cell cycle, for example the G1 phase. But as stated here, the cells can be arrested and fixed in particular phases of the cell cycle, with only a superficial appearance that the cells are arrested in the G1 phase of the cell cycle. To be explicit about the language of growth arrest, it is possible to have cells 'arrested with a G1-phase amount of DNA', and yet not be 'arrested at a point in the G1 phase'. The implications of this apparently paradoxical distinction will become apparent in the discussion that follows. Another distinction must be made explicit, and that is the distinction between growth of the culture which leads to an increase in cell numbers as well as total cell mass, and the growth of individual cells. Unless otherwise noted, the discussion here will always be related to individual cells increasing their cell mass during the division cycle. With these distinctions in hand, we can look at the evidence for G1-phase-specific phosphorylation of Rb protein from a new perspective.
An industrial analogy to the cell cycle
Before presenting the cellular concepts, it is useful to present an industrial analogy to illuminate the distinction between the general process of cell growth and the specific subset of processes that comprise the cell cycle. Consider an assembly line where workers assemble an automobile in a sequence of steps. When car production ceases due to a lack of demand, no new car assemblies are started, but cars on the assembly line are completed so no cars remain unfinished. When the decision to cease production is given, all workers are immediately given layoff notices. However, the workers continue to work until there is no more work at their section of the assembly line. In practice, this means that workers at the start of the assembly line stop working first. Then workers in the middle of the assembly line stop working. Finally, workers at the end of the assembly line stop working. After the time required for complete car assembly, there is an accumulation of unemployed workers and an assembly line with no partly assembled cars. Superficially, it now looks as if the idled employees in this factory are all in identical situations. One might even say that the workers are aligned at the same point in the work process and that when work resumes they will start CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Review Article 581 working at the same time; that is, work will resume 'synchronously'. Let us consider, however, what happens upon resumption of car assembly. As the assembly line starts up, the first workers to return to the job are the ones at the start of the assembly line, specifically those who were laid off first when automobile manufacture ceased. As the car assembly proceeds, workers in the middle of the assembly line resume work. Finally, the last workers who were laid off, the workers at the end of the assembly line, resume work. The unemployed workers are not aligned and identical. There is a memory of their original position, and the workers do not resume work 'synchronously' upon resumption of car manufacture. From this simple analogy, we see that while all workers received the layoff notice at the same time, their history varied with their position on the assembly line. At some point the workers all looked the same (unemployed), but as we have seen, the workers were not identical with respect to resumption of work. If we equate the getting the layoff notice with cessation of cell growth, and position in the assembly line with position in the cell cycle, we can now see that cessation of cell growth and exit from the cell cycle are quite different. When growth ceases, cells become aligned with respect to one particular property, DNA content. This common DNA content, however, does not mean the cells are identical. It does not even mean that the cells are aligned at a particular point in the cell cycle. More crucial and important is the idea that affecting cells identically in all stages of the cell cycle (i. e. stopping cell growth in all cells in the culture irrespective of their position in the cell cycle) leads to the apparent arrest of cells in a particular phase of the cycle. It is important to see that cessation of cell growth -the growth that was occurring similarly throughout the cell cycle -is not identical with exiting the cell cycle. When growth ceases, initiation of DNA synthesis ceases (analogous to cessation of starting new car assembly). Eventually all cells are found with a DNA content equivalent to the amount of DNA in a G1-phase cell. This is because the cell completes all S, G2 and M phases for cells that were in S, G2 and M phases at the time that growth ceased. This completion process produces the widely found experimental result where cells that are starved or whose mass increase is arrested for any reason are found to accumulate with a G1-phase amount of DNA. As with the laid-off workers, the cells -now all with a G1-phase amount of DNA -are not identical and do not resume entry into the cell cycle in a synchronous manner. Just as the workers resume work in an order reminiscent of the order in which they stopped work, cells resume entry into DNA synthesis in an order resembling their original position in the cell cycle. Alignment of cells so that all cells have a G1-phase DNA content does not mean cells are arrested at a particular point in the cell cycle. Furthermore, it does not mean the cells will resume passage through the cell cycle from a particular cell cycle point and proceed through the cycle in a synchronous manner.
Reexamination of G1-phase arrest
It is important to be explicit about what is meant by a synchronized culture. We propose that a synchronized culture is one that truly mimics the division cycle of a normal, growing cell. This idea, in theory, is actually widely accepted. All workers using synchronization methods aspire to this ideal of normal progression of a synchronized culture through the division cycle. In practice, however, it is difficult to demonstrate that cells are synchronized and reflect the normal cell cycle of unperturbed cells. It is extremely labor intensive and experimentally difficult to measure successive cell divisions in a culture to demonstrate that cells are synchronized and exhibit synchronized divisions. Synchronization methods are viewed as efficient ways to get large numbers of cells in particular phases of the division cycle. The problem arises when one asks whether cells that are aligned with a particular cell property are actually synchronized. We propose that it is not correct to term a culture synchronized, or arrested in a particular phase at a particular point of the cell cycle, merely because all cells may have a G1-amount of DNA. A distinction between 'alignment' for a particular property, and 'cell-cycle arrest' at a particular point, will be illustrated here. Consider that as cells pass through the division cycle they move through a series of states representative of sequential points in the division cycle. As shown in figure 1, these can be labeled a-n. Although we can imagine the different states as being associated with particular and different chemical processes, it is also possible to consider the various states during the cell cycle as related to varying amounts of any particular material. For example, as cytoplasm increases continuously during the division cycle, we can associate the different states with different amounts of cytoplasm, or different amounts of any particular part of the cytoplasm. Now consider that the cells moving through the cell cycle are growth arrested by some procedure so that the various cytoplasmic states are preserved, but initiation of DNA synthesis -though not DNA synthesis itself -ceases. Cells in S, G2 and M phases continue to complete DNA synthesis and progress through mitosis, producing a population of cells all with a G1-phase amount of DNA. As shown in figure 1 , cells may be aligned with a G1-phase amount of DNA, but these cells are not identical or synchronized [5, 6] . To see why these cells are not synchronized, consider that cell size (or any other figure 2 . Consider that size varies continuously during the division cycle. Consider further that starvation or inhibition leading to cessation of cell growth freezes the amount of material in each of the cells at the amount present at the time of starvation or inhibition. Cells passing through the cell cycle during normal, unrestricted growth are shown in the upper panel in figure 2 . Cells vary in size from newborn size to twice newborn size (on average) at the Figure 1 . Arresting growing cells to produce a cell population all with a G1-phase amount of DNA. The cell cycle is viewed as has having two components, one the well-known phases of the division cycle -G1, S, G2 and M -and an additional property (a-n) that varies continuously throughout the division cycle (diagram at left). The variation of state (for simplicity one could just imagine this state to be the amount of any particular protein that is made continuously throughout the division cycle and thus increases throughout the division cycle) is not changed upon arrest of cell growth by inhibition or starvation. However, when cell growth is inhibited (indicated by arrow toward right), cells that are in the S, G2 or M phases proceed through these phases and divide to produce two daughter cells, each with a G1-phase amount of DNA (right figure) . These daughter cells are labeled with the DNA content (g1) and the state condition (a-n). Thus, while all cells have a G1-phase amount of DNA, they are not arrested at the same point in the division cycle.
Only if all cells had, for example, a G1-phase amount of DNA and a 'c' state representative of cells in the middle of the G1 phase of the division cycle could one describe these cells as being arrested at a point in the G1 phase or arrested 'in the G1 phase'. A complete analysis of this proposal has been presented [5, 6] with appropriate experimental support using results in the literature. We distinguish between 'aligned' cells that have a particular property present in all cells (in this case, G1-amount of DNA), and 'synchronized' cells, where cells truly and accurately reproduce the events during the division cycle of normal, exponentially growing cells. We conclude that growth arrest may produce cells with a G1-phase amount of DNA, but these cells are not equivalent to normal G1-phase cells in a culture growing exponentially in unlimited growth.
In addition to active starvation and inhibition protocols, other conditions can lead to growth arrest or G1-phase arrest in what is sometimes considered a more biologically relevant fashion. For example, allowing cells to grow on a plate to confluence or quiescence leads to arrest of cells with a G1-phase amount of DNA. Recently it has become popular to refer to such cells as being in a particular 'out-of-cycle' phase entitled 'G0'. Because cells in the 'G0 phase' have the same amount of DNA as cells with a G1-phase amount of DNA, such quiescent cells are sometimes referred to as cells in the 'G1/G0 phase'. Similarly, cells arrested at the 'restriction point' can be considered as being equivalent to the cells aligned with a G1-phase amount of DNA. But the same analysis that we have presented for starvation and inhibition synchronization protocols applies to arrest by confluence of entry into quiescence. In such cells cell growth ceases and cells pass through the S, G2 and M phases to produce a population of cells all with a G1-phase amount of DNA. But these cells are similarly not arrested with a particular size or cell state so that the cells are arrested at a point in the G1 phase of the cell cycle.
Rb protein and the regulation of cell growth
Rb protein is understood to be a negative regulator of cell growth. Loss of Rb function leads to uncontrolled cell growth, as indicated by the appearance of malignancies. 'Activating' Rb protein by dephosphorylation leads to sequestering by the Rb protein of transcription factors proposed to be essential for continued passage through the cell cycle. Conversely, phosphorylation of Rb protein is proposed to control cell growth. The Rb gene is believed to be a suppressor of tumor formation because the retinoblastoma (Rb or pRB) gene is inactivated in Rb cells [7] and other tumors [8] [9] [10] [11] [12] [13] . Cytogenetic and molecular analyses have also indicated that blastoma cells often have two defective copies of the Rb gene [8, [14] [15] [16] [17] [18] . Direct support of the proposal that the Rb gene is a tumor suppressor comes from the demonstration that introduction of the normal gene into Rb cells led to a loss of tumorigenicity [19] . It is now believed that inactivation of the Rb gene leads to oncogenesis, not only in eye tissue, but also in a variety of cell types [20] [21] [22] [23] .
We can now turn to early experiments on analyzing the mechanism by which Rb protein controls the passage of cells through the cell cycle. But before doing so, it is important to explicitly state what is not proposed here.
Biochemical and kinetic analysis of Rb function
We strongly emphasize that we do not take issue with the importance of Rb protein as a regulator of cell growth. 
Tumor virus transformation and the mechanism of action of Rb protein
Speculations regarding the possible mechanism of action of Rb protein come from early studies of DNA tumor viruses. The start of the reasoning process is the observation that a viral transforming product can form a specific complex with Rb [24 -26] . Further studies suggested a link between the ability of the viral protein to complex with Rb and the transforming function of the virus protein [26 -28] . These viral studies supported the notion that Rb is a suppressor of tumor growth because it could be envisioned that the association of the viral proteins with the Rb protein would alleviate growth suppression due to the Rb protein and thus allow cells to exhibit a transformed phenotype. The next step in the reasoning process came from the generally accepted idea that transforming viruses 'stimulate G1-arrested cells to enter the cell cycle' [29] . This conclusion comes from the general observation that normal, untransformed cells that are allowed to grow to confluence are arrested with a G1-phase amount of DNA. These confluent cells are generally described as 'arrested in the G1 phase'. Infection of these cells with transforming virus allows cells that integrate the virus to restart growth and escape the 'contact inhibition' processes that stops growth of untransformed cells. As usually described, transformation allows cells to grow in all phases of the division cycle [30 -37] . The reasoning sequence may be summarized: (i) confluent cells are proposed to be arrested in a particular phase of the division cycle, the G1 phase; (ii) transformation of cells by certain viruses allows these 'G1-phase' cells to grow in all phases of the division cycle; (iii) this growth is an escape from G1-phase arrest;
(iv) cells arrested with a G1-phase amount of DNA are arrested at a particular point in the G1 phase; and (v) virus transformation thus counteracts a specific G1-phase arrest process. We will return to this line of reasoning below. The next crucial step in the analysis was the finding that SV40 T antigen complexes with Rb protein but only to underphosphorylated Rb protein [38] . This implied that the poorly phosphorylated or hypophosphorylated form of Rb protein is the form active in growth suppression. This analysis led a number of groups to investigate the possibility that Rb phosphorylation varied during the division cycle of mammalian cells and that cycle-specific phosphorylation of Rb protein controlled passage of cells through the division cycle. A number of groups [29, 39 -46] have presented experimental evidence that the Rb protein is phosphorylated and dephosphorylated in a cell-cycle-dependent manner. More precisely, it was concluded that Rb is phosphorylated in the G1 phase of the division cycle. A general model to explain these observations, and to relate phosphorylation to control of the cell cycle, is that phosphorylation of Rb relieves the growth suppressing action of the unphosphorylated Rb protein. This phosphorylation allows the cell to enter the S and G2/M phases. If phosphorylation of Rb does not occur, cells will not enter the S phase and will not proceed through the cell cycle.
To summarize this chain of reasoning in molecular terms, and according to the current consensus view [3, 47] , the dephosphorylated form of Rb is a negative control element. Upon phosphorylation of the Rb protein at a point in the G1 phase, the negative action of the Rb protein is eliminated, and the cell is allowed to move from the G1 phase into the S phase, that is the cells are able to initiate DNA replication. One biochemical mechanism explaining cell-cycle control by the Rb protein is that the hypophosphorylated form sequesters the E2F transcription factor. Upon Rb phosphorylation, E2F is released. The newly released E2F transcription factor then induces the expression of various genes associated with the initiation of DNA replication [48 -50] . The variation of Rb phosphorylation during the division cycle has been succinctly summarized [51] : 'the pRB phosphorylation state fluctuates as the cell passes through the division cycle. In cycling cells pRB is found in its active underphosphorylated form only during the early period of the G1 phase'. And further: 'pRB phosphorylation in late G1 and its dephosphorylation in late M phase are considered the two critical events regulating pRB's growth-restraining activities'.
Fitting in with this model is the additional idea that cyclin-dependent kinases may regulate the phosphorylation of Rb protein [50, 52] . Support comes from studies associating cyclin-dependent kinases (specifically cdk4/6 activated by cyclin D and cdk2 activated by cyclin E) with regulation of Rb phosphorylation [53, 54] . Since cyclins are thought to be the prime example of a cell-cyclespecific regulatory protein, this finding supports the general role of a cycle-specific phosphorylation-dephosphorylation pattern for Rb protein.
Additional support for a cell-cycle-associated phosphorylation-dephosphorylation of Rb comes from the proposal that there is a specific mitotic phosphatase that removes the phosphate groups from Rb protein at mitosis, thus restoring the dephosphorylated or hypophosphorylated form of Rb protein at the start of the G1 phase [55, 56] .
The proposed growth-suppressing activity of the dephosphorylated Rb protein must then be alleviated by phosphorylation of Rb protein in the G1 phase if cells are to proceed onto the next S and G2/M phases. The association of this phosphatase activity with the mitotic phase of the cell cycle was accomplished by arresting cells in the mitotic phase of the division cycle using nocodazole. At this time no physiological experiments on growing, uninhibited, unperturbed cells indicating a cell-cycle-specific activation of phosphatase activity have been presented.
Growth control of Rb phosphorylation/ dephosphorylation
Superimposed upon this proposed cell-cycle-specific phosphorylation pattern is an additional control system where the growth state of the cell regulates, or is associated with, the phosphorylation state of Rb protein.
Many studies have found that in rapidly growing cells all the Rb protein is in the hyperphosphorylated state. When growth is inhibited, Rb is dephosphorylated, and hypophosphorylated Rb appears [39] . Additional studies of Daudi cells grown exponentially or inhibited by serum starvation, a-interferon or phorbol ester also indicated that growing cells had a preponderance of hyperphosphorylated Rb protein and inhibition of growth led to a loss of phosphorylation [41] . In this same study, U937 cells that were unable to be inhibited by a-interferon did not exhibit the dephosphorylation of Rb when a-interferon was added. Another report demonstrated that in human leukemia cells induced to undergo growth arrest with sodium butyrate or DMSO, dephosphorylation of the RB protein is not G1-phase restricted but also occurs in S and G2/M cells [57] . In this study it was found that while all of the Rb protein in cells with a G1-phase amount of DNA cells is hypophosphorylated, cells in S and G2 have significant detectable amounts of hypophosphorylated RB as well as hyperphosphorylated RB protein. Thus, Rb hypophosphorylation can be induced in S-and G2-phases as well as the G1 phase when growth is inhibited. Dephosphorylated Rb is thus not restricted to the early part of the G1 phase.
Experiments from our laboratory support the converse proposal, that hyperphosphorylation is not restricted to later stages of the cell cycle. Exponentially growing cells, whether in growing in suspension or adhering to a surface, can grow with no evidence of hypophosphorylated Rb protein [58] . In contrast to the evidence presented supporting the role of Rb protein regulating the passage of cells through the division cycle, and in particular, allowing exit from the G1 phase, some reports indicate that alternative pathways in a cell can override the Rb control system [59 -61] . Thus, different experiments implicate c-myc, oncogenic Ras protein and cyclin E as cell constituents that could allow cell growth even in cells where phosphorylation of Rb protein was unable to be carried out. For example, expression of cyclin E protein can trigger S-phase entry in cells expressing pRB lacking 10 out of the 15 cyclin-dependent-kinase phosphorylation sites [60] . Thus, although there are a number of published papers supporting the view that Rb phosphorylation is an essential step in passage through the cell cycle, there are some results that may give pause to a complete acceptance of the current Rb phosphorylation-dephosphorylation model.
Reanalysis of transforming virus control of cell growth
It is important to explicitly cite the weak link in the initial reasoning process that led to the suspicion or suggestion that there could be a relationship between Rb phosphorylation and a specific phase of the division cycle. The weak links in the reasoning process are the two proposals listed above: (iii) this growth is an escape from G1 phase arrest, and (iv) cells arrested with a G1-phase amount of DNA are arrested at a particular point in the G1 phase. These two ideas are the ones that specifically lead to the conclusion that transforming viruses 'stimulate G1-arrested cells to enter the cell cycle'. We do not suggest that there is any problem with the proposal that transforming viruses stimulate quiescent or confluent cells to grow (that is, increase in cell mass) and divide (increase in cell number). It is important to be rigorous in the language used to describe the stimulation of quiescent cells to grow. By the term 'quiescent' we do not mean anything other than the operational idea that such cells are not growing. We realize that some use this term to mean the cells are 'out of the cycle'. There is no operational way to determine whether such nongrowing cells are out of the cycle or merely arrested with a G1-phase amount of DNA but not truly 'out of the cycle'. But the propositions that the quiescent cells are arrested in the G1 phase of the division cycle -because they have a G1-phase amount of DNA -and that cells are stimulated to 'enter' the cell cycle -which implies that the quiescent or To reiterate, the alternative conclusion from the observation of virus transformation is that cessation of growth (due to confluence) leads to dephosphorylated Rb and that viral transformation stimulates growth which leads to the production of phosphorylated Rb. These transformations can occur irrespective of the cell cycle situation of the cells. We suggest that because the quiescent cells are not arrested at a point in G1 phase but merely with a G1-phase amount of DNA, it is not proper to conclude from the viral transformation studies that Rb protein is specifically phosphorylated in a G1-phase specific manner. We shall address the experiments that deal directly with the proposal of G1-phase phosphorylation of Rb protein.
It is important to look at experiments that support G1-phase phosphorylation of Rb protein in order to see whether the results are as strong as they are purported to be. However, before turning to these studies, it will be helpful to have an alternative view of how the phosphorylation of Rb protein may be regulated. Specifically, we propose that (i) the growth conditions regulate the observed phosphorylation pattern, and (ii) this regulation is independent of the cell cycle. The dephosphorylation of Rb protein that is observed in cells that have a G1-phase amount of DNA is a result of the poor growth conditions that lead to the arrest of cells with a G1-phase amount of DNA.
An alternative model for Rb phosphorylation
We propose that in growing cells with a normal cell cycle, there is no G1-phase-specific phosphorylation of Rb protein.
In the normal division cycle of exponentially growing cells, whether malignant or not, there is no phosphorylation-dephosphorylation cycle. We will unify the two control aspects of Rb protein, control of phosphorylation by growth state and the apparent cell-cyclespecific phosphorylation pattern, by demonstrating that growth state control of phosphorylation can actually lead to the incorrect conclusion that there is a G1-phase phosphorylation step. Because the current model of G1-phase phosphorylation is so widely supported by a number of published experimental papers, it is important that we present not only our alternative explanation but also explain, fully and clearly, how the other published work is also accommodated to our model. After presenting our view of Rb phosphorylation, we will present an extensive analysis of a number of relevant papers in order to show that our proposal is actually consistent with, or in some cases not contradicted by, experiments in the literature. [58] . When cells are grown exponentially in unlimited conditions, no hypophosphorylated Rb protein is found. All of the Rb protein is found in the hyperphosphorylated form, and this form is found throughout the cell cycle [58] . Furthermore, studies with adherent NIH3T3 cells indicated that the appearance of hypophosphorylated Rb protein was dependent on cell density. When cells were grown at very low densities, hypophosphorylated Rb protein was not found; all of the Rb protein was found in the hyperphosphorylated form. These results directly support the model proposed in figure 3 . It is important to note that the complete phosphorylation of Rb protein required growth down to be approximately 5 % of confluent density. Thus, even when it does not appear that cells are 'overgrown' in the usual sense of the word, the cells may be overgrown with respect to Rb phosphorylation and dephosphorylation.
On the criteria for a satisfactory synchrony experiment
Before proceeding with our analysis of direct experiments on Rb phosphorylation during the cell cycle, we must present a few ideas to guide this analysis. First, we are skeptical of synchronization methods that are based on treating all cells in a culture identically. Refer to figures 1 and 2 for an explanation of why we do not accept such methods. This critique has been presented in detail [5, 6] . It is also important to recognize that there are criteria for synchronization that should be met in order to demonstrate that a particular collection of cells are synchronized ( [62] , chapter 3). Let us briefly describe some of these criteria:
1) If the cells in a synchronized culture are proposed to be equivalent to newborn cells or cells very early in the division cycle, there should be a period of no, or little, cell division for a relatively long period. 2) When a synchronized division occurs in a cell population, the time required for the increase in cell number at the time of division should be a relatively small fraction of the interdivision time; that is, the cell number should double over a relatively short period of time. 3) There should be at least two independent and reproducible cycles of synchronized growth. 4) Any experimental result found during the first division cycle should be found similarly in the second cycle. This avoids or minimizes artifacts resulting from the synchronization procedure. 5) The lengths of the two successive cell cycles should be similar, and the timing and size of the cycle-specific event should be the same in both cycles. 6) The interdivision times of the synchronized culture should be the same as the doubling time of the original culture. This is important for judging the 'normality' of the synchronized cells. 7) Any results obtained by a synchrony method should be consistent with available observations on cells growing in unperturbed exponential growth. This means that one should be able to see, for example, the sequential passage of cells through different DNA contents as cells pass through the division cycle.
One can summarize essentially all of the data on Rb phosphorylation during the division cycle where starvation or inhibition synchronization techniques have been used by stating that the criteria for synchronization we have listed here have not been satisfied. We therefore suggest that one should be skeptical of experiments that use such starvation or inhibition methods for synchronization. This implies that one should be skeptical of many of the experiments that support G1-phase-specific phosphorylation of Rb protein.
We realize that it has been argued that cumulative stochastic variations lead to the obliteration of synchronized divisions. This proposal has been used to explain why so many synchrony methods do not yield synchronized divisions. The recent production of synchronized cells by Helmstetter (personal communication) using a mammalian 'baby machine' [63] that gives three clear synchronized divisions suggests that the lack of synchronized divisions may actually be an indication that the cells that have been proposed to be synchronized are actually not synchronized. This general conclusion regarding synchronization also applies to systems that are proposed to be more natural approaches to cell-cycle analysis, such as the stimulation of lymphocytes by mitogens. Not only is the history of each of the lymphocytes unknown (i. e. the age of each lymphocyte is unknown as they may have been produced by division over many years), but it is not clear that such lymphocytes produce a culture with a cell cycle that is the same as the cell cycle of growing cells. Just because lymphocytes have a G1-phase amount of DNA does not mean that these cells are arrested at a particular point in the division cycle (see figs 1 and 2) . Finally, and perhaps most important, we do not accept the notion of a G0 phase as being a specific place where growth-arrested cells come to rest. We mention this as a separate item because there has been a proliferation of papers proposing that cells enter into a special 'out-of-cycle' phase, the G0 phase. A detailed critique of the G0 proposal for one specific experiment on G0 has been published [64, 65] . We are well aware of the ubiquitous nature and widely used citation of the G0 phase (sometimes as G0, sometimes as G0/G1 when a decision between these two phases is not possible). A complete analysis of the G0 problem has been reviewed ( [62] , page 402) and the arguments will not be restated here. The analyses presented in figures 1 and 2 are applicable to the problem of G0 cells. Merely because cells are arrested with a G1-phase amount of DNA does not mean the cells have accumulated at a particular point in the cell cycle (G1-phase arrest) or at a particular point out of the cycle (G0).
Revisiting experimental support for G1-phasespecific Rb phosphorylation
Turning now to the direct experimental evidence for cell-cycle-specific Rb phosphorylation, let us look at an instructive example [39] where the proposal that Rb phosphorylation is related to the cell cycle was first shown by stimulating human peripheral blood lymphocytes. Resting lymphocytes had only the least phosphorylated Rb. After the cells were stimulated, slower migrating (i. e. hyperphosphorylated) forms of Rb were found. As noted above, we do not feel that this lymphocyte system is a model for the division cycle. An earlier analysis of c-myc synthesis during the division cycle demonstrated that such stimulated lymphocytes could lead to artifacts of interpretation [66] . We suggest the proper conclusion from the analysis of stimulated lymphocytes is that resting cells have hypophosphorylated Rb protein and when growth is stimulated, Rb pro-CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Review Article 589 tein is phosphorylated. That the lymphocytes have a G1-phase amount of DNA is independent of the phosphorylation state of Rb protein.
The second step in their analysis [39] was to study CV1P cells, a monkey kidney cell line that they proposed 'can be synchronized by growth arrest'. Cells were grown to confluence 'at which point contact inhibition arrests further cell division'. The cells were then replated sparsely in fresh medium 'to allow the synchronous entry into the cell cycle'. Following replating, cells were collected at 2-h intervals to examine the phosphorylation state of Rb protein by western blotting. It was found that in the 'growth-arrested cells' the Rb protein appeared as a single, least-phosphorylated band. As growth resumed following replating, the Rb protein was observed to undergo increasing amounts of phosphorylation as indicated by the retardation of the Rb protein in polyacrylamide gels. Similar results were found in T24 bladder carcinoma cell line using an identical protocol. The conclusions drawn from these experiments are that 'these results demonstrated that Rb was progressively phosphorylated during G1 phase and that the maximal phosphorylation occurred at the G1/S junction. Dephosphorylation of Rb was apparent as cells reentered G1'. The data presented [39] do not fulfill the criteria for synchronization that we have presented above. One should consider these confluent cells -and thus growtharrested cells -subject to the same analysis that we have used when describing serum starvation to synchronize cells. Confluent cells may have a G1-phase amount of DNA, but these cells are not arrested at a specific point in the division cycle. It is most interesting to note that in these experiments two independent starvation experiments were performed that were offset by 16 h. The first set covered hours 0 -16, and the second set hours 18 -32.
(We assume this allowed a more efficient collection schedule, as two parallel experiments were running simultaneously.) The early points were plated at 1.5 ¥ 10 6 cells per plate, and the later points were on plates with 3 ¥ 10 6 cells per plate. Whatever conclusions may be made are thus weakened by the fact that just at the breakpoint between the two sets of plates there is a sudden break in the Rb protein pattern. It is difficult to decide whether the results observed are due to the experimental design or due to the starvation-refeeding protocol. A telling result is the finding that after 32 h of regrowth the cells resembled an unsynchronized culture. This indicates that the cells are very likely not synchronized, as a second cycle of synchrony cannot be observed. In fact, this observation supports the proposal made in figure 2 where it is predicted that after approximately one interdivision time the cells that had a G1-phase amount of DNA will return to the normal DNA pattern. The last set of experiments studied cells that were stimulated to differentiate by certain chemical agents. It was found that when cells were stimulated to differentiate, which entails a cessation of growth, there was a loss of phosphate from Rb protein [39] . The authors suggest that this result supports the idea of a cell-cycle-specific phosphorylation event by stating, 'Since cellular differentiation is associated with arrest in G0/G1, dephosphorylation of Rb in differentiated cells further supported the conclusion that Rb protein is hypophosphorylated in non-proliferating cells'. The basic argument is that arresting cells in the G1-phase (i. e. not allowing cells to perform the G1-phase phosphorylation event) produces cells with a G1-phase amount of DNA and a hypophosphorylated Rb protein.
We suggest an alternative explanation. The cells all eventually have a G1-phase amount of DNA because initiation of DNA replication is prevented and cells in S, G2 and M phases complete these phases and divide to produce cells with a G1-phase amount of DNA. Concurrently, and independently, the Rb protein is dephosphorylated, leading to a collection of cells with dephosphorylated Rb protein and cells with a G1-phase amount of DNA.
As we have noted above, the cellular growth state affects Rb phosphorylation, with a low phosphorylation of Rb protein associated with poor growth conditions. The differentiation studies are consistent with the model we have proposed and do not directly support the idea that during the G1-phase there is a specific time when Rb is phosphorylated. A similar critique can be applied to studies of primary human umbilical vein endothelial cells [29] . These cells require endothelial cell growth factor for growth; without this factor, the cells are unable to proliferate. It was concluded that the arrested cells were 'likely to be in G0/G1'. As explained above, we do not accept that the factorstarved cells are equivalent to cells in the G1 phase of a normal, growing population. Even the use of the word 'likely' suggests a certain reticence in proposing that the cells are synchronized. We suggest these cells are actually growing under suboptimal conditions; this is the reason that these cells have hypophosphorylated Rb protein. The appearance of the hypophosphorylated form of Rb was associated with cell growth arrest, and the hyperphosphorylated form was found in cells stimulated to grow. We accept this experimental result, and as noted above, we have no disagreement with the experimental observation. But also as discussed above, the arrested cells are not models of the G1 phase. Therefore no conclusions can be made regarding the cycle-specific phosphorylation or dephosphorylation of Rb. Although one may call these cells 'overgrown', it is possible to consider (as we have explicitly noted above) such cells being at a cell density much below what might be considered a state of overgrowth and still get the problems illustrated in figure 3 .
Additional experiments on the cell cycle relied on a double block synchrony method with an initial starvation for methionine (for 48 h) followed by addition of methionine and the simultaneous inhibition of DNA synthesis by hydroxyurea treatment (16 h) [44] . Growth was allowed by removing hydroxyurea. The result of this 'synchronization procedure' was that the cells with a G1-phase amount of DNA had hypophosphorylated Rb protein; after a period of growth, cells with S-and G2/M-phase amounts of DNA had hyperphosphorylated Rb protein.
As we have explained at length above, we do not accept that this procedure produces synchronized cells that are a model of the cell cycle for cells growing exponentially in medium without inhibition. More to the point, synchronization procedures may and can introduce artifacts that cannot be eliminated in these doubly inhibited cells. In particular, the harsh treatment of cells with methionine starvation followed by hydroxyurea treatment should be suspect with regard to the introduction of artifacts. The double inhibition method was followed up by synchronizing cells by serum starvation. We have dealt with this method above, and can only reiterate our reluctance to accept serum starvation synchronization as a method suitable for the analysis of the division cycle. To summarize our analysis, these results [29] are actually consistent with our model. We feel that the proper conclusion is that these experiments do not support the existence of a G1-phase phosphorylation step. An example of the relationship between growth rate or growth state and Rb phosphorylation and how it can appear as a G1-phase phosphorylation of Rb protein comes from a study of inhibition of mink lung cells (Mv1Lu) by TGFb [67] . Cells that were inhibited in their growth, whether by overgrowth on a plate or by addition of the inhibitor TGFb, had only hypophosphorylated Rb protein. When cells that were density-arrested by contact inhibition were allowed to regrow after trypsinization and replating, it was observed that the Rb was rephosphorylated approximately 2 h before DNA synthesis resumed.
The conclusion was that Rb protein was phosphorylated in the late-G1 phase of the cell cycle. Our reading of this paper leads to a different conclusion. First, the internal evidence presented in this paper indicates that the cells are not actually synchronized. This is primarily indicated by the long times over which a particular event occurs after synchronization. But second, and more important, all of the observations in this paper are consistent with the model proposed here. Specifically, cells that are inhibited in growth have hypophosphorylated Rb protein and cells that are allowed to grow have hyperphosphorylated Rb protein. And the phosphorylation of Rb is not necessarily a G1-phase specific phenomenon. Perhaps the best experiments supporting the proposal that Rb protein is phosphorylated in the G1 phase of the division cycle are those in which elutriation was used to study the cell cycle [40] . In these experiments, Hela cells were analyzed by elutriation in two different ways. First, cells were synchronized by collecting the early elutriation fractions (smallest cells) and inoculating these cells into fresh media to produce synchronized growth through the division cycle. In theory this method can certainly produce a synchronized culture. The elutriation procedure is not subject to the criticisms leveled against starvation procedures. That the culture was synchronized was indicated by the pattern of G1/S/G2/M phase cells following inoculation. Associated with growth through the division cycle was a characteristic variation in the phosphorylation pattern with the early, youngest cells having only hypophosphorylated Rb and phosphorylation increasing during S phase. A decrease in phosphorylation appeared as the cells entered the next G1 phase. Two other experiments in the same vein were to use elutriation to prepare cells that were in different phases of the cell cycle. The pattern of Rb phosphorylation in these fixed cells was studied, and the results were interpreted according to the current model, with hypophosphorylated cells in the G1 phase and hyperphosphorylation occurring in the later phases of the division cycle. The model presented in figure 3 explains the two post-elutriation analyses. If the cells to be analyzed were grown such that there were two cell populations, a growing set and a nongrowing set, one would find the G1-phase cells enriched in arrested cells, and this would contribute to the picture that G1-phase cells have hypophosphorylated Rb and S, and G2/M phase cells have hyperphosphorylated Rb. Again, we emphasize that even cells that are not clearly overgrown may exhibit characteristics of growth arrest due to contact inhibition in localized regions of the plate. More difficult to explain are the elutriation synchrony results. Nevertheless, a careful reading of the experimental protocol suggests that this experiment must also be reevaluated. In this experiment, the cells were placed at 4°C before elutriation and throughout the elutriation procedure. The cells were [55, 56] . The inhibitor, nocodazole, was used to isolate mitotic cells as part of the support for this proposal of a cell-cycle-specific dephosphorylation step. However, it is not clear that the phosphatase is present only in mitotic cells during the normal growth cycle. No experiments indicate that the specific activity of the phosphatase is higher in the nocodazole-inhibited cells, or that the phosphatase is absent in G1 and S phase cells. Nor are experiments on exponentially growing cells presented that indicate that the phosphatase activity is higher in one specific phase. Even the finding that electroporation of an active phosphatase into G1 phase cells prevented both Rb phosphorylation and entry into S phase [68] does not necessarily support the cycle-specific action of this phosphatase. Such an experiment could lead to side effects by dephosphorylation of many other proteins that could prevent growth and subsequent entry into S phase. These experiments are consistent with the view that the phosphatase leads to arrest with a G1-phase amount of DNA, but not necessarily arrest in the G1 phase of the division cycle. This reanalysis indicates that experiments generally accepted as directly demonstrating the cell-cycle phase or G1-phase-specific phosphorylation of Rb protein are somewhat weaker than previously thought.
In vitro sequential phosphorylation of Rb protein
The most recent model of Rb phosphorylation during the division cycle is the proposal presented by Harbour et al. [50] for the modification of Rb protein by cyclins. The model is most clearly presented in the conclusion to that paper:
Our results suggest that phosphorylation of the C-terminal region of Rb by cyclin D-Cdk4/6 triggers an initial intramolecular interaction with the central pocket domain that inhibits HDAC binding, thereby blocking active transcriptional repression by the pocket. This interaction facilitates a second phosphorylation-independent interaction of the C-terminal region with the pocket. The subsequent interaction is required for cyclin E-Cdk2 to access S-567, which is buried at the A-B interface. Phosphorylation of S-567 disrupts the A-B interface, preventing Rb from binding and inactivating E2F. In this model, the Rb functions of active repression and inactivation of E2F are lost successively through phosphorylation by cyclin D-Cdk4/6 and then cyclin E-Cdk2, respectively. Cyclin D-Cdk4/6 is likely to be the kinase that normally disrupts HDAC binding and blocks active repression in vivo because it is activated in G1 before cyclin E-Cdk2 [4] . If this is the case, then during the interval in G1 between activation of cyclin D-Cdk4/6 and activation of cyclin E-Cdk2, Rb is not able to actively repress transcription, but it can still bind and inhibit E2F. Inactivation of E2F would not be prevented until near the end of G1, when cyclin E-Cdk2 is activated. Such a progressive loss of activities may allow differential regulation of genes involved in cell cycle progression and/or apoptosis [50] .
As can be seen, the identification of a sequential series of biochemical transformations of the Rb protein by various cyclin-dependent kinases is associated with various stages of the G1 phase. This is summarized in their final figure (redrawn here as fig. 4 ) where it is seen that the transformations are associated with particular phases of the G1 phase. The problem with this conclusion is that it is based on the assumption that there is a sequential activation of the different cyclin-dependent kinases in the G1 phase. It must be realized that at no point is there any evidence presented [50] to show that the various transformed states of Rb protein are associated with particular cell ages during the division cycle. The model presented in figure 4 is based solely on the assumption that the evidence for sequential appearance and activity of cyclins D and E is correct. There is no experimental evidence associating the particular Rb phosphorylation states with different times during the G1 phase. The fact that there are sequential biochemical transformations the Rb phosphorylation-E2F release pathway does not automatically mean that these transformations are occurring over time. As a trivial counterexample, merely because there are biochemical transformations in the synthesis of an amino acid such as phenylalanine does not mean that these are associated in any way with par-592 S. Cooper and J. A. Shayman Rb phosphorylation during the division cycle distinction between passage through the cell cycle and cell growth clearly demonstrated that merely aligning cells with a particular DNA content does not mean that there is a specific time during the cell cycle at which a particular function acts or is expressed. A cell function involved in cell growth during all phases of the division cycle, when inhibited, could lead to the production of cells with a G1-phase amount of DNA. It is further implied in the questions posed above that merely demonstrating that increasing a cyclin leads to the shortening of the G1 phase does not mean that the cyclin acts during the G1 phase; it could also mean that the cyclin merely speeded up growth throughout the cycle [69] . Finally, the idea of an unperturbed synchrony experiment means that the synchrony should be such that the cells are not starved or inhibited in order to produce a culture that is aligned for a particular property (such as DNA content) where the cells may not be synchronized and where artifacticious results may found. Given these questions, we conclude that it is not clear that in exponentially growing cells there is a variation in Rb phosphorylation during the G1 phase of the division cycle.
Rb protein regulates cell growth, not the cell cycle
A more positive conclusion can actually be drawn from the almost unremitting negativity of this review. Although there are problems with the proposal that Rb protein regulates cell proliferation by a specific cell-cycle regulatory pattern or cell-cycle modification program, it is possible to now clarify how we should describe the action of Rb protein.
Rb protein regulates cell growth throughout the cell cycle, and not the passage of the cell through the cell cycle. As a simple example, let us say that Rb protein controlled total protein synthesis and regulated the ability of the cell to transcribe messenger (mRNA) for protein synthesis. It is proposed here that Rb protein can have such a function, and control cell proliferation, without having to propose a cell-cycle-specific function for Rb protein. If the dephosphorylated form of Rb was inhibitory for cell growth and mass accumulation, one would observe cells arrested with a G1-phase amount of DNA.
The ideas presented here were first enunciated approximately 2 decades ago [70] . At that time it was proposed that there are no G1-phase-specific events and that the G1 phase existed when the interdivision time or mass doubling time of a mammalian cell was greater than the sum of the S+ G2 + M phases [62, 69] . According to this view of the mammalian division cycle, the G1 phase is the time when biosynthetic processes begun at the start of the previous S phase are completed. This viewpoint, CMLS, Cell. Mol. Life Sci. Vol. 58, 2001 Review Article 593 ticular phases of the cell cycle. Rather, for amino acid biosynthesis it is assumed that the biochemical transformations are independent of the cell cycle.
Restatement of the central questions
The questions we pose here may be listed to summarize the essential points: Are there any experiments demonstrating sequential phosphorylation of Rb protein at particular phases of the mammalian division cycle or G1 phase that use unperturbed synchronized cells where the results are consistent with the criteria for a good synchrony experiment? and, Are there any experiments demonstrating any particular variation during the G1 phase of the mammalian division cycle that use unperturbed synchronized cells where the results are consistent with the criteria for a good synchrony experiment? These questions imply a point that should be explicitly stated. By emphasizing mammalian cells, it is implied that evidence in yeast for variation of protein expression during the division cycle does not relieve us of the responsibility to demonstrate this variation in mammalian cells. The discussion starting this review on the referred to as the continuum model, has been supported by a large number of experimental observations [62, 71] . The analysis presented here now demonstrates that the Rb phosphorylation system is consistent with the continuum model.
